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D U G  ABD PROPULS IVE CHARACTERISTICS OF AIR-COOLED 
ENGINE-NACELLE INSTALLAT IONS FOR URGE AIRPLANES 
By Abe S i l v e r s t e i n  and  H e r b e r t  A .  Wilson,  Jr. 
SUMMARY 
An i n v e s t i g a t i o n  i s  i n  p r o g r e s s  i n  t h e  N.A,C.A. f u l l -  
s c a l e  wind t u n n e l  t o  de te rmine  t h e  d r a g  and t h e  p r o p u l s i v e  
efficiency of n a c e l l e - p r o p e l l e r  a r rangements  f o r  a  l a r g e  
range  of  n a c e l l e  s i z e s .  In  c o n t r a s t  w i t h  t h e  u s u a l  t e s t s  
w i t h  a  s i n g l e  n a c e l l e ,  t h e s e  t e s t s  mere conducted  w i t h  
n a c e l l e - p r o p e l l e r  i n s t a l l a t i o n s  on a l a r g e  model o f  a 4- 
e n g i n e  a i r p l a n e .  Data a r e  p r e s e n t e d  on t h e  f i r s t  p a r t  of . 
t h e  i n v e s t i s a t i o n ,  c o v e r i n g  seven n a c e l l e  a r rangements  w i t h  
n a c e l l e  d i a m e t e r s  from 0,53 t o  1 . 5 , t i m e s  t h e  wing t h i c k n e s s *  
These r a t i o s  a r e  similar t o  t h o s e  o c c u r r i n g  on a i r p l a n e s  
we igh ing  from a b o u t  20 t o  100 t o n s ,  
The r e s u l t s  show t h e  d r a g ,  t h e  p r o p u l s i v e  e f f i c i e n c y ,  
a n d  t h e  o v e r - a l l  e f f i c i e n c y  of t h e  v a r i o u s  n a c e l l e  a r range-  
ments  as f u n c t i o n s  of t h e  n a c e l l e  s i z e ,  t h e  p r o p e l l e r  p o s i -  
t i o n ,  and t h e  a i r p l a n e  l i f t  c o e f f i c i e n t .  The e f f e c t  of t h e  
n a c e l l e s  on t h e  aerodynamic c h a r a c t e r i s t i c s  o f  t h e  model 
a r e  shown f o r  b o t h  propel ler - removed and p r o p e l l e r - o p e r a t i n g  
c o n d i t i o n s .  
INTRODUCT I O N  
The t r e n d  toward  i n c r e a s i n g  a i r p l a n e  s i z e  unaccompa- 
n i e d  by a c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  d i a m e t e r  of a ir-  
c o o l e d  e n g i n e s  h a s  l e d  t o  d e s i g n s  i n  which t h e  eng ine -  
n a c e l l e  d iamete r  i s  e q u a l  t o ,  o r  even l e s s  t h a n ,  t h e  wing 
t h i c k n e s s .  In  c o n t r a s t ,  t h e  e n g i n e - n a c e l l e  d i a m e t e r  f o r  
s m a l l  h igh-performance a i r p l a n e s  i s  from f o u r  t o  f i v e  t i m e s  
t h e  wing t h i c k n e s s .  Data on n a c e l l e  i n s t a l l a t i o n s  a r e  
a v a i l a b l e  c h i e f l y  i n  t h e  range  of t h e  r a t i o  of n a c e l l e  d i -  
a m e t e r  t o  wing t h i c k n e s s  from 1.5 t o  2,O. In  o r d e r  t o  in -  
v e s t i g a t e  more comple te ly  t h e  e n t i r e  r ange ,  t e s t s  a r e  b e i n g  
conduc ted  i n  t h e  N.A.C.A. f u l l ~ s c a l e  wind tunne 1 f o r  r a t i o s  
o f  n a c e l l e  d i a m e t e r  t o  wing t h i c k n e s s  v a r y i n g  from 0 , 5 3  t o  
4,O. T h i s  paper  p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  f o r  t h e  
s m a l l e r  n a c e l l e s  w i t h  d i a m e t e r s  v a r y i n g  from 0.53 t o  1.5 
t i m e s  t h e  wing t h i c k n e s s .  
I n  c o n t r a s t  w i t h  t h e  u s u a l  t e s t s  of  a s i n g l e  n a c e l l e ,  
t h i s  i n v e s t i g a t i o n  h a s  been made w i t h  f o u r  n a c e l l e s  on 
a  midnfng monoplane model s imulat ing a modern 4-engi ne 
a i r p l a n e .  By t h i s  method, not  only was the  drag measured 
with g r e a t e r  c e r t a i n t y  but a l s o  the e f f e c t s  of the  nacel l 'es  
and t h e  p r o p e l l e r  s l ips t ream on the a i r p l a n e  cha rac te r i s -  
t i c s  were determined, Nacel les  of th ree  diameters ware 
t e s t e d ,  each f o r  severa l  p o s i t i o n s  of the  p r o p e l l e r  ahead 
of t h e  wing l ead ing  edge. The 4-engine model with the  na- 
c e l l e s  of d i f f e r e n t  s i z e  may be considered t o  represent  
a i r p l a n e s  of d i f f e r e n t  sf 2s; the model with t h e .  l a r g e s t .  
n a c e l l e  may s imulate  a 20wton a i r p l a n e ,  and the model with 
the  smallest  n a c e l l e  may simulate one of about 100 tons,  
SYMBOLS 
angle of a t t a c k  of the  fuselage reference a x i s  r e l a -  
t i v e  t o  the  wind axis, degrees, 
dynamic p ressu re ,  pounds pe r  square foot .  
wing a r e a ,  sqvare f e e t ,  
mean chord of the wing, area/span,  fee t .  
maximum wing th ickness  (average f o r  t h e  two l a t d r a l .  
n a c e l l e  l o c a t i o n s ) ,  f e e t .  
, , .  
p r o p e l l e r  diameter,  f e e t .  
maximum. n a c e l l e  diameter,  f e e t ,  
F, maximum cro ~ s - s e c t i o n a l  arga of n a c e l l e ,  square f ee t .  
V, a i r  speed, f e e t  pa r  second. 
L, l i f t ,  o r  f o r c e  normal t o  the re la t - fve  wind, pounds. 
D, drag, o r  'force. para l l -e l  t o  the r e l a t ' i ve  wind, pounds. 
. Fower-off drag of model wi th  eagine3-nacelle i n s t a l l a -  
. t i o n ,  poxnds. 
p i t c h i p g  moment, pound-feet. 
CL = 

The t e s t s  were conducted  i n  t h e  N.A.C.A. f u l l - s c a l e  
wind t u n n e l ,  which i s  d e s c r i b e d  i n  r e f e r e n c e  la The model 
i s  a meta l -covered ,  midwing monoplane w i t h  a span of  37.25 
f e e t ,  The symmetr ica l  wfng s e c t i o n s  a r e  t a p e r e d  i n  t h i c k -  
n e s s  from t h e  N.A.C.A. 0018 a t  t h e  r o o t  t o  t h e  N o A o C * A *  
0010 a t  t h e  t i p .  The w i n g  p l a n  form t a ~ e r s  4:1 from a r o o t  
chord  of 7.28 f e e t ,  and t h e  wing a r e a  i s  172 square  f e e t ,  
S p l i t  t r a i l i n g - e d g e  f l a p s  w i t h  an  averago  chord  o f  0 . 1 5 ~  
e x t e n d  over  t h e  middle 60 p e r c e n t  o f  t h e  span w i t h  t h e  ex- 
c e p t i o n  of  a s h o r t  gap a t  t h e  f u s e l a g e ,  The a n g l e  of wing 
s e t t i n g  t o  t h e  f u s e l a g e  r e f e r e n c e  l i n e  i s  4,6', The p r i n -  
c i p a l  d imensions  of  t h e  model and  t h e  n a c e l l e  f o r  e a c h  of 
t h e  t e s t  a r rangements  a r e  shown i n  f i g u r e  1. F i g u r e s  2 t o  
5 sho~v t h e  model i n s t a l l e d  i n  t h e  f u l l - s c a l e  t u n n e l .  . 
A summary of t h e  n a c e l l e  i n s t a l l a t i o n s  i n v e s t i g a t e d  
i s  shown i n  t a b l e  I, 
TABLE I 
T e s t  
1 
2a 
2b 
3a 
3b 
4 a  
4% 
4 c  
' ~ h i c k n e s s  tw i s  t h e  a v e r a g e  of  ~ i n g  t h i c k n e s s e s  a t  t h e  
Y 
n a c e l l e  locat i o n s ,  
' chord  c  i s  t h e  l o c a l  chord  a t  e a c h  p r o p e l l e r  l o c a t i o n .  
D e t a i l s  i n  
N a c e l l e  
d iamete r  
( i n . )  
I 
0 . 4 0 ~  f i g .  l ( c )  
.2bc 1 f i g .  5 i f ig '  
,40c  
P r o p e l l e r  
l o c a t i o n  
( 2  
--. 
l ~ r o p e l l e r  
-- D~ d i a m e t e r  
No cowling - Sare-wing model 
tv 
( 1 )  
20 
20 
1 0 , 4  
( i n . )  
10.4 
'7 
7' 
7 
1.50 1 39 i 
1.50 
.78 ' 
7 78 
39 
39 
39 1 ~ ~ ~ ~ ~ ( b )  
.53 24 * , . Im 2: 1 f i g .  l ( a )  
?53  1 24 f i g .  l ( a )  
-53  24 I f i g .  3 
- - 
Four 3-blade metal p r o p e l l e r s  of 39-inch diameter  
were used f o r  t he  t e s t s  w i t h  t he  n a c e l l e s  20 and 10.4 
i n c h e s  i n  diameter .  Blade dimensions and s e c t i o n s  f o r  t h e  
p r o p e l l e r  a r e  given i n  f i g u r e  6. Four.2-blade metal  pro- 
p e l l e r s  of 24-inch diameter  and Navy 4412 design mere used 
f o r  t h e  t e s t s  mith the  7-inch n a c e l l e s .  The p r o p e l l e r s  
were d r iven ,  through ex t ens ion  s h a f t s ,  by 25-horsepower 
a l t e r n a t i n g - c u r r e n t  motors enc losed  within:  the  wing. The 
speed of the  p r o p e l l e r s  w a s  r e g u l a t e d  by varying the  f r e -  
quency of the  motor-current supply and was measured w i t h  
a n  e l e c t r i c  tachometer. The p r o p e l l e r  t o rques  mere de tor -  
mined from an e l e c t r i c  c a l i b r a t i o n  of t h e  motors, 
Xisure 7 i s  a  diagram of a r e p r e s e n t a t i v e  cowling- 
n a c e l l e  i n s t a l l a t i o n ,  mith  t h e  dimensions f o r  t he  cowling 
g iven  a s  f r a c t i o n s  of t he  cowling diameter .  The cowling 
was g e o m e t r i c a l l y  similar t o  t h e  one des igna ted  cowling C 
i n  r e f e rence  2 .  P e r f o r a t e d  metal  p l a t e s  were used t o  fu r -  
n i s h  a r e s i s t a n c e  similar t o  t h a t  of  a wel l -baf f led  engine,  
The number of h o l e s  i n  t h e  p l a t e s  mas a d j u s t e d  t o  g ive  a 
va lue  o f  c o n d u c t i v i t y  K ( r e f e r e n c e  3 )  of approximately  
0.10. The e x i t  s l o t  of t h e  cowling was propor t ioned  t o  
p rov ide  a p r e s s u r e  drop a c r o s s  the  engine of 0,35q, co r r e -  
sponding t o  s u f f i c i e n t  coo l ing  f o r  f l i g h t  a t  200 m i l e s  p e r  
hour;  i t  i s  assumed t h a t  cowling f l a p s  o r  o t h e r  ad jus tmen t s  
w i l l  be provided f o r  d i f f e r e n t  f l i g h t  condi t ions .  Smooth 
f a i r i n g  of t he  n a c e l l e s  i n t o  t h e  wing w a s  provided by small  
f i l l e t s  a t  tlie j unc tu re s  of t h e  wing and the  n a c e l l e s  ( f i g s ,  
3 ,  4 ,  and 5) .  In o rder  t o  change the  p r o p e l l e r  p o s i t i o n  
from 0 . 2 5 ~  t o  0,40c, the  n a c e l l e  w a s  extended by i n s e r t i n g  
a c y l i n d r i c a l  . s ec t ion  a t  A ( f i g .  7) .  For t he  t e s t s  wi th  
no coo l ing  a i r ,  t h e  p e r f o r a t i o n s  i n  the  metal p l a t e s  were 
sea led .  For the  t e s t s  of t h e  ?-inch n a c e l l e s ,  no p r o v i s i o n  
mas made f o r  t he  f low of coo l ing  a i r  through the  cowlins ,  
because i t  mas a n t i c i p a t e d  t h a t  t he  e f f e c t s  of coo l ing -a i r  
f low would not  be measurable f o r  t h i s  arrangement. 
TESTS 
mith  .the n r o p e l l e r s  removed from the  model, measure- 
ments of aerodynamic f o r c e s  and p i t c h i n g  moment were made 
a t  an a i r  speed o f  about 60 mi l e s  p e r  hour f o r  a l l  t h e  na- 
c e l l e  i n s t a l l a t i o n s  over an  angle-of-a t tack rang.e from zero 
l i f t  through t h e  s ta l l .  Sca le  e f f e c t  on the  drag a t  low 
l i f t  c o e f f i c i e n t s  mas a l s o  measured over a range of  a i r  
speeds  from 30 t o  100 mi l e s  p e r  hour, 
With the  p r o p e l l e r s  o p e r a t i n g ,  p ropu l s ivo  c h a r a c t e r -  
i s t Z c s  of t he  n a c e l l e - p r o p e l l e r  i n s t a l l a t i o n s  mere d e t e r -  
mined f o r  t he  a t t i t u d e  i n  which the  t h r u s t  axes  ?e re  pa ra l -  
l e l  t o  t h e  r e l a t i v e  wind and f o r  l i f t  c o e f f i c i e n t s  approx- 
ima t ing  those  f o r  high-speed and c l imbing f l i g h t .  In ad- 
d i t i o n  t o  t h e  usual aerodynamic f o r c e s  and p i t c h i n g  moment, 
t h e  power-on measurements inc luded  the  power input  t o  t he  
p r o p e l l e r s  and t h e  p r o p e l l e r  speed. The procedure fol lowed 
i n  t h e  p r o p e l l e r  t e s t s  was t o ' h o l d  t he  to rque  cons tan t  and 
t o  i n c r e a s e  t he  t unne l  a i r  spoed i n  s t e p s  from 30 t o  100 
mi l e s  p e r  hour,  a f t e r  which t h e ,  p r o p e l l e r  speed was reduced 
u n t i l  eerg t h r u s t  w a s  reached. The e f f e c t  of the  p r o p e l l e r  
ope ra t ion  upon t h e  L i f t  and the  p i t c h i n g  moment was de te r -  
mined a t  a tunne l  speed of approximately  60 mi l e s  p e r  hour 
f o r  s e v e r a l  t h r u s t  cond i t i ons  and with  t h e  p r o p e l l e r s  f r e e -  
wheeling. 
The c o n d u c t i v i t y  of the '  p e r f o r a t e d  comling p l a t e  and 
t h e  a i r  flow through the  cowling mere determined from 
measurements of t h e  p re s su re  drop a c r o s s  the  p l a t e  and of 
t h e  dynamic and t h e  s t a t i c  p r e s s u r e s  a t  t he  comlfng e x i t .  
POWER-OFF CEARACTERISTICS 
. " 
The aerodynamic c h a r a c t s r l s t i c ~  of -%he 4-engine model 
wi th  t he  p r o p e l l e r  removed a r e  shown i n  f i g u r e s  8 t o  15 
f o r  t h e  va r ious  arrangements t e s t e d *  These data were 03- 
t a i a e d  a t  a tunne l  a i r  speed of about 60 mi les  p e r  hour ,  
which corresponds t o  a Reynolds ,Number of 2,500,000 based 
on t h e  average wing chord of  4.62 f e e t .  The c o e f f i c i e n t s  
a r e  base& on a. wing a r e a  of 172 square f e e t  and a r e  cor- 
r e c t e d  f o r  wind-tunncl of f e c t  s. Pitching-moment coef f  i- 
c i e n t s  a r e  computed about a  c e n t e r  of g r a v i t y  l o c a t e d  a s  
shown i n ' f i q u r e  1. Tbe t e s t s  were made with coo l ing  a i r  
f l o w i n s  through the  comling corresponding t o  t h a t  r e q u i r e d  
f o r  hi@-speed f l i g h t .  
Drag,- Scale  e f f e c t s  on the  a i r p l a n e  drag c o e f f i c i e n t s  
f o r  the  n a c e l l e  arrangements t e s t e d  a r e  shown i n  f i ~ u r e  16 
a t  t h e  assumed hiqh-speed l i f t  c o e f f i c i e n t  o f  0.25, Refer- 
ence curves  showing the  s c a l e  e f f e c t s  on the  model wi thout  
n a c e l l e s  a r e  shown i n  f i g u r e  1 7  f o r  va lues  of CL from 
-0.2 t o  0.7. - 
. 
At lorn l i f t  coefficients, the  curves  of f i g u r e s  16  and 
1 7  show the  negat ive-s lope c h a r a c t e r i s t i c s  of p l o t s  of skin- 
f r i c t i o n  drag c o e f f i c i e n t  a g a i n s t  Reynolds Number. A t  h igh  
l i f t  c o e f f i c i e n t s ,  whore t he  skin  f r i c t i o n  i s  only  a  small 
p a r t  of t he  t o t a l  drag,  t h e  d rag  c o e f f i c i e n t  i s  about t h e  
same over tho range of v e l o c i t i e s  t e s t e d ,  This r e s u l t ,  
mhfch i s  a l s o  r e p r e s e n t a t i v e  of the  v a r i o u s  cowling i n s t a l -  
l a t i o n s ,  i s  shown i n  f i g u r e  1 7  f o r  t he  bare-wing model, 
P a r t i c u l a r l y  i n t e r e s t i n g  i s  the  f a c t  t h a t  t he  increment of 
d rag  due t o  t he  n a c e l l e  i n s t a l l a t i o n s  i s  e s s e n t i a l l y  inde- 
pendent of the  t e s t  v e l o c i t y ,  
The increments  of t h e  a i r p l a n e  drag c o e f f i c i e n t  ACD 
due t o  the  prepence of fou r  n a c e l l e s  a r e  p l o t t e d  a g a i n s t  
t h e  r a t i o  of t he  n a c e l l e  diameter  t o  t he  wing t h i c k n e s s  i n  
f i g u r e  18. These increments  a r e  given f o r  s e v e r a l  l i f t  
c o e f f i c i e n t s ,  bo th  wi th  a i r  f lowing through the  cowling 
( f i g ,  1 8 ( a ) )  and wi th  t h e  cowling c lo sed  ( f i g .  1 8 ( b ) ) .  
The va lues  were taken from t h e  s c a l e - e f f e c t  curvos ( f i g .  1 6 )  
a t  a t e s t  v e l o c i t y  o f  LOO m i l e s  p e r  hour. 
I f  the  n a c e l l e  drag increments  f o r  t h e  ca ses  of no a i r  
flow and with  an a i r  flow s u f f i c i e n t  f o r  c o o l i ~ g .  i n  high- 
speed f l i g h t  a r e  compared, i t  i s  no ted  t h a t  t he  e f f e c t  of 
t h e  a i r  flow on t h e  drag c o e f f i o i e n t  i s  s l i g h t ,  This  re-  
s u l t  h a s  been no ted  i n  p rev ious  i n v e s t i g a t i o n s  i n  which 
t h e  coo l ing -a i r  f low mas p r o p e r l y  r e g u l a t e d  ( r e f e r e n c e  4 ) .  
A t  t h e  h igher  l i f t  c o e f f i c i e a t s ,  i n  some cases ,  t h e  drag  
m a s  reduced by the  a i r  flow through the  cowling. 
In o rder  t o  demonstrate th'e magnitude of t he  n a c e l l e  
d rag  f o r  a i r p l a n e s  of d i f f e r e n t  s i z e ,  i t  w i l l  be assumed 
t h a t  t he  drag c o e f f i c i e n t  of an e f f i c i e n t  a i r p l a n e  wi thout  
n a c e l l e s  i s  0.015 a t  a high-speed l i f t  c o e f f i c i e n t  of 0.15. 
For a 75-ton a i r p l a n e  i n  which the  r a t i o s  of D N / t w  may be 
about  0,6,  t he  increment of d rag  c o e f f i c i e n t  due t o  f o u r  
n a c e l l e s  wi th  p r o p e l l e r s  a t  t h e  0 . 2 5 ~  l o c a t i o n  ( f i g ,  1 8 ( a ) )  
i s  0,0005. F u r t h e r ,  if a 6-engine f n s t a l l a t i o n  f o r  an air- 
plane of t h i s  s i z e  i s  assumed, t he  drag c o e f f i c i e n t  of t he  
n a c e l l e s  i s  0.00075, o r  5 percen t  of t he  t o t a l  a i r p l a n e  
drag. 
For ano the r  t y p i c a l  des ign  of n 20-ton, $*engine air-  
p l a n e ,  t h e  r a t i o  of D N / t w  may be 1 ,5  so t h a t ,  b y ' i n t e r p o -  
l a t i o n  of f i g u r e  1 8 ( a ) ,  ACD = 0.0036 a t CL = 0..15. In 
t h f s  c a s e ,  t he  d rag  o f  the n a c e l l e s  i s  24 pe rcen t  of  the  
t o t a l  a i r p l a n e  drag.  The r e l a t i v e l y  g r e a t e r  adverse  e f f e c t  
o f  t h e  l a r g e  naceLles  on the  sma l l e r  a i r p l a n e  i s  c l e a r l y  
demonstrated,  
The drag  increments  ACD of f i g u r e  18 a r e  p r e s e n t e d  
i n  f i q u r o  19 i n  t h e  form of CDp, which i s  t h e  d rap  coef- 
f i c i e n t  f o r  a s i n g l e  n a c e l l e  based on the  maximum cross -  
secii-ional a r e a  of t h e  n a c e l l e .  The curves  of f i g u r e  19 
a r e  o f  p a r t i c u l a r  i n t e r e s t  i n  p o i n t i n g  ou t  the  r e l a t i v e l y  
l a r g e r  n a c e l l e  d r ag  c o e f f i c i e n t s  of t h e  small n a c e l l e s  a t  
t h e  h i g h  l f f t  c o e f f i c i e n t s  and  t h e  lower drag of t h e  shor t -  
e r  n a c e l l e s  a t  low l i f t  c o e f f i c i e n t s .  
I t  i s  b e l i e v e d  t h a t  t he  p r e d i c t i o n  of n a c e l l e  d rag  
over  t h e  range of n a c e l l e  s i z e s  t e s t e d  can be made w i t h  
c .onsiderable  accuracy  by r e f e r ence  t o  f i g u r e  19. The 
change i n  d rag  f o r  coo l ing  f l o v s  d i f f e r e n t  from t h e  ones 
t e s t e d  i n  t h i s  i n v e s t i g a t i o n  can be computed by t h e  method 
of r e f e r e n c e  4. 
L i f t  The a d d i t i o n  of n a c e l l e s  t o  t he  a i r p l a n e  t e n d s  
-- * - 
t o  i n c r e a s e  s l i g h t l y  t he  s lope  of t he  l i f t  curve ,  t h e  in-  
c r e a s e  be ing  about  p r o p o r t i o n a l  t o  the  n a c e l l e  s i z e  ( f i g s .  
8 t o  1 5 ) .  The l i f t - c u r v e  s lope  was i n c r e a s e d  about  2* 
p e r c e n t  by t h e  f o u r  20-inch n a c e l l e s .  The h ighe r  l i f t  i s  
a t t r i b u t e d  t o  t h e  i nc rea sed  a r e a  added by the  n a c e l l e s  and - 
i s  c o n s i s t e n t  w i t h  r e s u l t s  of p rev ious  f n v e s t i p a t i o n s .  The 
ang le  of zero l i f t  was a l s o  s l i g h t l y  changed by t h e  n a c e l l e s ,  
t h e  d i f f e r e n c e  be ing  about 0.2' f o r  t h e  20-inch n a c e l l e s *  
The kaximum l i f t  c o e f f i c i e n t  of tho  a i r p l a n e  w i th  
c o o l i n g  a i r  f lowing  through. t h e  cowling v a r i e d  w i t h  t h e  na- 
c e l l e  i n s t a l l a t i o n ,  a s  shown i n  t a b l e  11. 
TABLE I1 
Values of Maximum L i f t  Coe f f i c i en t  
In comparison wi th  t h e  maximum l i f t  c o e f f i c i e n t  of 
t h e  model without n a c e l l e s ,  t h e  model wi th  the  small na- 
c e l l e s  has  s l i g h t l y  h ighe r  va lues  and the  model w i th  t he  
l a r g e  n a c e l l e s  has  cons ide rab ly  lower va lues .  The l a r g e  
d e c r e a s e s  i n  maximum l i f t  c o e f f i c i e n t  f o r  t he  i n s t a l l a -  
t i o n s  wi th  n a c e l l e  d iameters  l a r g e r  than the  wing th i ck -  
n e s s  a r e  a t t r i b u t e d  t o  d i f f e r e n t  p re s su re  d i s t r i b u t i o n s  
o v e r  t h e  upper su r f ace  of t he  n a c e l l e  and t h e  a d j a c e n t  
wing su r f ace ,  Tuf t  obse rva t ions  ( f i g .  2 0 )  on the  upper  
s u r f a c e  of t h e  a i r f o i l  n e a r  t h e  r e a r  of t h e  l a r g e  n a c e l l e s  
a t  h igh  l i f t  c o e f f i c i e n t s  show the  flow spread ing  out  lat-  
e r a l l y  on both s i d e s  of t h e  n a c e l l e .  This  r e s u l t  i n d i c a t e s  
a h i g h e r  p r e s s u r e  on the  n a c e l l e  t han  on the  a d j a c e n t  wing 
s u r f a c e ,  owing t o  t he  expansion of t he  a i r  behind tho  max- 
.imum n a c e l l e  s e c t i o n ,  
DN 
--
tw  
The l a t e r a l  motion of t h e  a i r  i n  t he  reg ion  of adverse  
p r e s s u r e  g r a d i e n t  on the  wing has  a s t rong  d e s t a b i l i z i n g  
e f f e c t  and causes  breakdown of the  flow. In the  ca se  of 
t h e  cowling wi th  DH/t ,  = 1.5, t he  maximum l i f t  w a s  do=- 
c r e a s e d  about 9 percen t .  For an unpubl ished case  of s 
p r o p e l l e r  
l o c a t i o n  
cowling i n s t a l l a t i o n  wi th  D N / t ,  = 2.7, t he  
'~max 
w a  9 
I 
F i t h o u t  n a c e l l e s  
Flap d e f l e c t i o n ,  bf 
0O 
1.31 
60' 
-.- 
decreased  16.5 p e r c e n t .  In ca se  t h e  n a c e l l e  d iamete r  i s  
about  equal  t o  o r  l e s s  than  t h e  ming t h i c k n e s s ,  t h e  n a c e l l e  
does no t  ex tend  i n t o  t h e  r eg ion  of adverse  p r e s s u r e  g r a d i e n t  
on t h e  wing and t h e r e  i s  no l a r g e  t a p e r  t o  t h e  n a c e l l e  w i th  
t h e  a t t e n d a n t  adverse  p r e s s u r e  g rad i en t ,  The s l i g h t  in- 
c r e a s e  i n  C shown by t h e  small n a c e l l e s  i s  a t t r i b u t e d  Lmax 
t o  t h e  i n c r e a s e d  s u r f a c e  a r e a  of t he  wing-nacelle combina- 
t i on .  
L i f t -d r ag  r a t i o . -  Since t h e  range of an  a i r p l a n e  i s  
about  p r o p o r t i o n a l  t o  t h e  va lue  of  t he  maximum l i f t - d r a g  
r a t i o ,  t h e  l a r g e  r e d u c t i o n s  i n  i t s  value  caused by even 
t h e  s m a l l e s t  n a c e l l e s  should be po in t ed  out .  . I n  compari- 
son w i t h  t he  assumed case  of an a i r p l a n e  without n a c e l l e s ,  
t h e  s m a l l e s t  n a c e l l e  i n s t a l l a t i o n  ( % / t w  = 0.53) reduced 
t h e  va lue  of ( L / D ) , ~ ~  by about  1 4  pe rcen t  ( f i g .  2 1 ) ;  
whereas t he  l a r g e  n a c e l l e s  reduced i t  by about 25 pe rcen t .  
Based on the se  power-off d a t a ,  the  l a r g e  n a c e l l e s  w i t h  pro- 
p e l l e r s  a t  0 . 4 0 ~  ahead o f  t h e  ming a r e  i n d i c a t e d  t o  be i n -  
f e r i o r  t o  t he  s b r t e r  n a c e l l e s .  The r e s u l t s  of f i g u r e  21  
s u b s t a n t i a t e  t hose  of f i g u r e . 1 9  i n  showing t h a t  t h e  smal l  
n a c e l l e s  c o n t r i b u t e  cons ide rab ly  more d rag  a t  the  h igh  'than 
a t  t h e  low l i f t  c o e f f i c i e n t s ,  The l i f t  c o e f f i c i e n t  f o r  t h e  
maximum l i f t - d r a g  r a t i o  f o r  t h e  model i s  about 0.55. 
P i t c h i n g  moment.- The l a r g e  n a c e l l e s  have a marked de- 
------ 
s t a b i l i z i n g  e f f e c t  on t he  a i r p l a n e .  This  r e s u l t  i s . shown 
i n  f i g u r e  2 2 ,  i n  which t h e  s l o p e s  of curves  of t h e  p i t c h i n g -  
moment c o e f f i c i e n t  a r e  p l o t t e d  a g a i n s t  n a c e l l e  s i z e .  The 
s l o p e s  shown i n  f i g u r e  22 were taken over  t h e '  s t ra i  h t  por- 
t i o n s  of t h e  pitching-moment curves  between a = -5' and 
5O; t h e  decreased s t a b i l i t y  i s  i n d i c a t e d  by t h e  lower val -  
u e s  of  t he  nega t ive  s lope .  The s lope  of t h e  pitching-moment 
curve i s  decreased  by the  n a c e l l e s  even more markedly a t  
h igh  a n g l e s  of a t t a c k ,  a s '  shown by n o t i n g  t he  s l o p e s  on 
f i g u r e s  8 and 9  between a = 8' arrd 12'. The decrease  of 
t he  s lope  of t he  pitching-moment curve i s  a t t r i b u t e d  t o  a 
forward  movement o f  t h e  aerodynamic c e n t e r  of t he  ming due 
t o  t h e  a d d i t i o n  of the  n a c e l l e  sur face  ahead of t h e  l e a d i n g  
edge, 
This  r ea son ing  i g  s u b s t a n t i a t e d  by f i p u r e  2 2 ,  i n  which 
i t  may be no t ed  t h a t  t h e  l o n g e r  n a c e l l e s  show the  g r e a t e r  
d e s t a b i l i z i n g  e f f e c t s .  A t  t h e  h igh  a n g l e s  of a t t a c k ,  t h e  
r e s u l t a n t  f o r c e  on t h e  cowling c o n t r i b u t e s  a l a r g e  p o s i t i v e  
momont and, u n l e s s  t h i s  e f f e c t  i s  taken i n t o  c o n s i d e r a t i o n  
i n  t h e  t a i l - p l a n e  des ign ,  i t  may l e a d  t o  i n s t a b i l i t y .  
PROPULS IVE AHD OVER-ALL EFT ICIEWCIES 
The n a c e l l e  d rag  coe f fZc ien t s  a lone  a r e  not  a s u f f i -  
c i e n t  b a s i s  f o r  compa,rison of t he  va r ious  n a c e l l e - p r o p e l l e r  
i n s t a l l a t i o n s .  The i n s t a l l a t i o n s  a r e  more p rope r ly  compared 
by means of an ove r - a l l  e f f i c i e n c y  t h a t  i n c l u d e s  t h e  nace l l e -  
d rag  increment measured wi th  t h e  p r o p e l l e r s  removed as  wel l  
a s  t h e  p ropu l s ive  e f f i c i c n c y ,  This  over -a l l  e f f i c i e n c y  
nt i s  def ined  a s  the  r a t i o  o f ' t h e  tow-line powor r e q u i r e d  
f o r  t h e  bare-wing model (wi thout  n a c e l l e s )  a t  a given l e v e l *  
f l i g h t  speed t o  t he  a c t u a l  power i npu t  r e q u i r e d  a t  t h i s  
speed by the  model wi th  t he  nace l l e -p rope l l e r  i n s t a l l a t i o n s .  
In  t h i s  method, t h e  over -a l l  e f f i c i e n c y  of t he  bare-wing 
model i s  LOO pe rcen t  and, f o r  a nace l l e -p rope l l e r  i n s t a l l a -  
t i o n ,  i t  i s  given by 
The p ropu l s ive  e f f i c i o n c y  i s  t h e  r a t i o  of t h e  ef-  
f e c t i v e  t h r u s t  power t o  the  power input  and may be calcu-  
l a t e d  from tho r e l a t i o n  
The value of t he  e f f e c t i v e  t h r u s t ,  T - AD, may be com- 
pu ted  from the  wind-tunnel d a t a  by mesns of t h e  r e l a t i o n  
i n  which Dc and R a r e  t he  observed r ead ings  on t h e  drag 
s c a l e  f o r  propeller-removed and prope l le r -opera t  i n g  condi- 
t i oms ,  r e s p e c t i v e l y .  
For t e s t s  wi thout  a l i f t i n g  su r f ace  behind the  propel-  
l e r ,  T - AD may be c a l c u l a t e d  from measurements of Dc 
and R ob ta ined  a t  the  same angle  of a t t a c k  and dynamic 
p re s su re .  Then the  flow over a l i f t i n g  su r f ace  i s  i n f l u -  
enced By the  p r o p e l l e r ,  tho  changes i n  l i f t  as wel l  as i n  
d rag  should be c r e d i t e d  t o  o r  charged a g a i n s t  t he  p r o p e l l e r *  
The change i n  l i f t  has been a l lowed f o r  i n  t hese  rgsul ts  
by making measurements of Dc and B a t  the  same l i f t  
c o e f f i c i e n t  i n s t e a d  of a t  t he  same angle  of a t t a c k *  
P r o p u l s i v e  E f f i c i e n c i e s  
Data have been o b t a i n e d  t o  show t h e  e f f e c t  on t h e  pro- 
p u l s i v e  e f f i c i e n c y  of  v a r i a t i o n s  i n  t h e  fo l loming:  
1. P r o p e l l e r  b lade  %ngle .  
2, N a c e l l e  d iamete r .  
3 ,  P r o p e l l e r  l o c a t i o n .  
4 ,  A i r  f low th rough  cowling,  
5. L i f t  c o e f f i c i e n t .  
P r o p e l l e r  b l a d e  angle.-  The r e s u l t s  o b t a i n e d  mi th  t h e  
39-inch-diameter  3-blade p r o p e l l e r s  ( f i g s .  23 t o  2 6 )  a r e  
c o n s i s t e n t  i n  i n d i c a t i n g  t h a t  t h e  maximum p r o p u l s i v e  e f f i -  
c i e n c y  o c c u r s  a t  a b l a d e  a n g l e  B of abou t  30'. The en- 
v e l o p e s  of t h e  e f f i c i e n c y  c u r v e s  a r e  f l a t ,  however, and 
v a r i a t i o n  i n  of *8O from t h e  optimum c a u s e s  o n l y  s l i g h t  
r e d u c t i o n s  i n  q,,. The Publade p r o p e l l e r  used  m i t h  t h e  
small n a c e l l e s  a l s o  shows maximum e f f i c i e n c y  a t  $ = 30' 
( f i g s .  27 t o  29).  The enve lopes  a r e  n o t  f l a t ,  and s l i g h t  
v a r i a t i o n s  from t h e  optimum b l a d e  a n g l e  Lead t o  subs tan-  
t i a l  d e c r e a s e s  i n  q,,. 
From snaZys5.s of f i g u r e s  2 3  t o  29, i t  may be conclud- 
e d  t h a t  t h e  b l a d e  a n g l e  f o r  maximum p r o p u l s i v e  e f f i c i e n c y  
i s  n o t  g r e a t l y  a f f e c t e d  by t h e  l o c a t i o n  of t h e  p r o p e l l e r  
m i t h  r e f e r e n c e  t o  t h e  s i n g  o r  by t h e  d i a m e t e r  of t h e  na- 
c e l l e  behind t h e  p r o p e l l e r .  
N a c e l l e  diameter . -  The e f f e c t  of v a r i a t i o n  i n  t h e  
n a c e l l e  d iamete r  on t h e  maximum propuLsive  e f f i c i e n c y  i s  
shown by a comparison of f i g u r e s  23 a c d  24 w i t h  f i g u r e s  25 
and  26. For each  p r o p e l l e r  l o c a t i o n ,  t h e  s m a l l e r  of t h e  
two n a c e l l e s  shows a s l i g h t l y  lower  p r o p u l s i v e  e f f  i c i e n c g ,  
T h i s  d i f f e r e n c e ,  however,  d o e s  n o t  exceed 1 p e r c e n t ,  which 
i s  a b o u t  t h e  e x p e r i m e n t a l  a c c u r a c y  of  t h e  measuranents .  
The r e s u l t s  o f  t h e s e  t e s t s  i n d i c a t e ,  i n  t h e  u s u a l  r a n g e ,  
t h a t  t h e  p r o p u l s i v e  e f f i c i e n c y  i s  a imos t  independent  of t h e  
r a t i o  of t h e  p r o p e l l e r  t o  t h e  cowling d iamete r ,  I t  shou ld  
be n o t e d  t h a t  t h e  v a l u e  of ze ro  p r o p u l s i v e  e f f i c i e n c y ,  
t h a t  i s ,  ee ro  e f f e c t i v e  t h r u s t ,  o c c u r s  a t  h i g h e r  v a l u e s  of 
V / ~ D  f o r  t h e  l a r g e  n a c e l l e  t h a n  f o r  t h e  small one. 
P r o ~ e l l e r  l o c a t i o n  The v a r i a t i o n  of t h e  p r o p u l s i v e  
-- ----.--------. - 
e f f i c i e n c y  m i t h  p r o p e l l e r  l o c a t i o n  f o r  t h e  3-blade pro- 
p e l l e r  i n s t a l l a t i o n s  i s  shown by comparing f i g u r e s  23 a n d  
25 w i t h  f i g u r e s  24 and 26. The p r o p e l l e r  on t h e  20-inch 
n a c e l l e s  (DN/E, = 1 . 5 )  shows abou t  t h e  same maximum e f -  
f i c i e n c y  m i t h  t h e  p r o p e l l e r  l o c a t e d  i n  e i t h e r  t h e  0 . 4 0 ~  o r  
t h e  0 . 2 5 ~  p o s i t i o n .  The i n s t a l l a t i o n  w i t h  t h e  10.4-inch 
n a c e l l e s  ( D N / ~ ,  = 0.78) shows a s l i g h t l y  h i g h e r  max'imum 
e f f i c i e n c y  w i t h  t h e  p r o p e l l e r  i n  t h e  0 . 2 5 ~  p o s i t i o n ,  bu t  
t h e  d i f f e r e n c e s  a r e  o n l y  s l i g h t l y  g r e a t e r  than  t h e  ex-  
p e r i m e n t a l  accuracy .  
The tmo-blade p r o p e l l e r  on t h e  7-inch-diameter  n a c e l l e  
i n s t a l l a t i o n  mas t e s t e d  0 .40c ,  0 , 2 5 c ,  and 0 . 1 3 ~  ahead  of 
t h e  wins  l e a d i n g  edge. The r e s u l t s  ( f i g s .  27 t o  2 9 )  shorn 
t h e  0 . 2 5 ~  l o c a t i o n  t o  be t h e  most f a v o r a b l e ,  m i t h  tho  pro- 
p u l s i v e  e f f i c i e n c y  2  p e r c e n t  h i g h e r  than  f o r  t h e  0 . 4 0 ~  10- 
c a t i o n  and  3.5 p e r c e n t  h i g h e r  t h a n  f o r  t h e  0 . 1 3 ~  l o c a t i o n .  
The r e s u l t s  a r e  of i n t e r e s t  i n  d e m o n s t r a t i n g  t h a t ,  a l t h o u g h  
from s t r u c t u r a l  c o n s i d e r a t i o n s  i t  may be d e s i r a b l e  on l a r g e  
a i r p l a n e s  t o  p l a c e  t h e  p r o p e l l e r  c l o s e  t o  t h e  wing l e a d i n g  
edge ,  t h e  p o s i t i o n  i s  ae rodynamica l ly  i n f e r i o r .  
A i r  f low th rough  cowling.- The e f f e c t  on t h e  p ropu l -  
s i v e  e f f i c i e n c y  of a i r  f low through t h e  cowling correspond-  
i n g  t o  t h a t  r e q u i r e d  f o r  c o o l i n g  a t  high-speed f l i g h t  i s  
shown by comparison of f i g u r e s  23 t o  26 mi th  f i g u r e s  30 t o  
53, The 10.4-inch n a c e l l e s  show t h e  same maximum e f f i c i e n -  
c i e s  w i t h  and w i t h o u t  a i r  f lowing.  Thc l a r g e  n a c e l l e s  
r a t h e r  c o n s i s t e n t l y  show maximum e f f i c i e n c i e s  abou t  1 per -  
c e n t  h i g L a r  f o r  t h e  c l o s e d  c o v l i n g s  t h a n  f o r  t h e  open ones .  
These r e s u l t s  i n d i c a t e  t h a t  t h e  p r o p u l s i v e  e f f i c i e n -  
c i e s  measured on n a c e l l e  i n s t a l l a t i o n s  w i t h  no a i r  flow- 
i n g  th rough  t h e  cowling a r e  s u f f i c i e n t l y  a c c u r a t e  f o r  p re -  
d i c t i n g  t h e  v a l u e s  t h a t  m i l l  be o b t a i n e d  w i t h  c o r r e c t  cool -  
i n g  f low.  Other  n a c e l l e  t e s t s  mi th  e x c e s s i v e  c o o l i n g  a i r  
and p o o r l y  des igned  cowl ing o u t l e t s  do n o t  s u b s t a n t i a t e  
t h i s  c o n c l u s i o n ,  
L i f t  c o e f f i c i e n t . .  The v a r i a t i o n s  i n  t h e  p r ~ p u l s i v e  
--__-_______l_l_ 
e f f i c i e n c i e s  m i t h  a i r p l a n e  l i f t  c o e f f i c i e n t  a r e  s3own i n  
f i ~ u r e s  34 t o  37 .  The r e s u l t s  aye shown f o r  @ = 23%" 
which m a s  chosen as  an  average  f l i ~ h t  p r o p e l l e r  s e t t i n y  
f o r  t h e  ran5e  o f  l i f t  c o e f f i c i e n t s  t e s t e d .  In e a c h  
c a s e ,  t h e  maximum p r o p u l s i v e  e f f i c i e n c y  was o b t a i n e d  a t  
CL = 0.70 and  t h e  lowes t  a t  CL = .0.25, w i t h  an a v e r a g e  
d i f f e r e n c e  between them of a b o u t  4 p e r c e n t .  The h i g h  e f -  
f i c i e n c y  a t  CL = 0.70 i s  due t o  t h e  f a v o r a b l e  e f f e c t  of 
t h e  p r o p e l l e r  s l i p s t r e a m  i n  d e c r e a s i n g  t h e  i n t e r f e r e n c e  
between t h e  n a c e l l e  and  t h e  wing. The p r e s e n c e  of t h i s  
i n t e r f e r e n c e  and  i t s  e f f e c t  i n  i n c r e a s i n g  t h e  v a l u e  of 
C~~ a t  t h e  h i g h e r  l i f t  c o e f f i c i e n t  h a s  p r e v i o u s l y  been 
n o t e d .  
Tho p r o p u l s i v e  e f f i c i e n c y  f o r  CL = - 0.04, i n  mbiqh 
c a s e  t h e  n a c e l l e  a x i s  was p a r a l l e l  t o  t h e  r e l a t i v e  wind,  
- 
was h i g h e r  t h a n  f o r  the high-speed f l i g h t  c o n d i t i o n  CL = 
Om25e 
Over-All E f f i c i e n c y  
A s  mentioned p r e v i o u s l y ,  n e i t h e r  t h e  n a c e l l e  d r a g  co- 
e f f i c i e n t  CDF n o r  t h e  p r o p u l s i v e  e f f i c i e n c y  a l o n e  i s  
a s u f f i c i e n t  measure .of t h e  e f f i c i e n c y  of  t h e  c o n v e r s i o n  
of e n g i n e  power i n t o  t h e  power a v a i l a b l e  f o r  p r o p e l l i n g  
t h e  a i r p l a n e .  A p r o p u l s i o n  system s h o u l d  be c r e d i t e d  o n l y  
w i t h  t h e  power a v a t l a b l e  t o  p u l l  t h e  a i r p l a n e  minus t h e  
power p l a n t  t h r o u g h  t h e  a i r .  Values of maximum o v e r - a l l  
e f f i c i e n c y  f o r  p r o p e l l e r  l o c a t i o n s  st 0 . 2 5 ~  a r e  p l o t t e d  i n  
f i g u r e  38  a g a i n s t  n a c e l l e  s i z e  and a n  a lmos t  l i n e a r  r e l a -  
t i o a  i s  shown. It  i s  of i m ~ o r t a n c e  t o  n o t e  t h a t ,  f o r  t h e  
n a c e l l e  w i t h  D R / t ,  = 1.5,  o n l y  abou t  two- th i rds  of t h e  
e n g i n e  power i s  u s e f u l l y  employed. 
The v a r i a t i o n  i q  maximum o v e r - a l l  e f f i c i e n c y  w i t h  l i f t  
c o e f f i c i e n t  i s  shown i n  f i g u r e  39 f o r  t h e  10.4-inch and 
t h e  20-inch n a c e l l e s ,  The o v e r - a l l  e f f i c i e n c y  i s  h i g h e s t  
w i t h  t h e  n a c e l l e  a x i s  p a r a l l e l  t o  t h e  r e l a t i v e  wind (CL = 
- 0.04)  and l o w e s t  a t  t h e  hiqh-speed l i f t  c o e f f i c i e n t .  
The e f f i c i e n c i e s  f o r  t h e  0 . 2 5 ~  and 0 . 4 0 ~  p r o p e l l e r  l o c a -  
t i o n s  a r e  s imilar ,  w i t h  a s l i g h t  s u p e r i o r i t y  i n d i c a t e d  f o r  
t h e  0 . 2 5 ~  l o c a t i o n  w i t h  t h e  s m a l l e r  n a c e l l e .  The compar- 
i s o n  g iven  i n  f i c u r e  39 i s  made f o r  $ = 23*O and i s  
s l i g h t l y  u n f a i r  a t '  CL = 0.25 t o  t h e  20-inch n a c e l l e - w i t h  
p r o p e l l e r  a t  0 . 2 5 ~ ~  T h i s  i n s t a l l a t i o n  h a s  a maximum e f f i -  
c i e n c y  a t  a somewhat h i g h e r  b l a d e  a n g l e  a n d ,  if t h e  con- 
p a r i s o n  had been made f o r  t h i s  c o n d i t i o n ,  t h e  v a l u e s  f o r  
t h e  0 . 2 5 ~  and 0 . 4 0 ~  p r o p e l l e r  l o c a t i o n s  would have been i n  
e s s e n t i a l  agreement .  On t h e  b a s i s  of o v e r - a l l  e f f i c i e n -  
c i e s ,  i t  may be concluded t h a t  t h e  0 . 2 5 ~  l o c a t i o n  i s  most 
f a v o r a b l e  f o r  t h e  small n a c e l l e s  a n d ,  f o r  t h e  20-inch na- 
c e l l e s ,  t h e  0 . 2 5 ~  a11d 0 . 4 0 ~  p r o p e l l e r  l o c a t i o n s  a r e  of 
e q u a l  m e r i t ,  
POWER-ON CHBRAGTERISTICS 
The e f f e c t  of p r o p e l l e r  o p e r a t i o n  on t h e  aerodynamic 
c h a r a c t e r i s t i c s  of a n  a i r p l a n e  i s  primari3.y dependent  on 
t h e  amount of t h r u s t  d e l i v e r e d  by t h e  p r o p e l l e r s  a n d ,  f o r  
a g i v e n  t h r u s t ,  i s  r e l a t i v e l y  independent  of  moderate 
changes  i n  b l a d e  a n g l e ,  v/nD, p rop t i l s ive  e f f i c i e n c y ,  .and 
p r o p e l l e r  d i a m e t e r ,  In o r d e r  t o  d e s c r i b e  t h e  c o n d i t i o n s  
o f  p r o p e l l e r  o p e r a t i o n ,  u s e  i s  made of a n  index  t h r u s t  co- 
e f f i c i e n t  which t a k e s  t h e  form 
' i n  which ?'lo i s  t h e  p r o p u l s i v e  e f f i c i e n c y  a t  CL = 0.25 
f o r  t h e  c o n d i t i o n s  of V / ~ D  and  b l a d e  a n g l e  a t  which t h e  
t e s t s  mere made. The index t h r u s t  c o e f f i c i e n t  h a s  t h e  
c h a r a c t e r i s t i c s  and form of a d r a g  c o e f f i c i e n t  and i s  ea- 
s e n t i a l l y  independent  o f  t h e  combinat ion  o f  V/nD a n d  
b l a d e  a n g l e  t h a t  p roduces  t h o  thrust ;  i t  i s  exactly e q u a l  
t o  t h e  amount of d r a g  t h a t  t h e  t h r u s t  mould counterbalan .ce  
a t  t h e  s t a n d a r d  o r  index c o n d i t i o n  a n d ,  a t  any o t h e r  v a l u e  
o f  l i f t  c o e f f i c i e n t ,  d i f f e r s  from t h e  t r u e  t h r u s t  c o e f f i -  
c i e n t  o n l y  by t h e  v a r i a t i o n  i n  p r o p u l s i v e  e f f i c i e n c y  be- 
tween t h e  two c o n d i t i o n s .  
The e f f e c t  of p r o p e l l e r  o p e r a t i o n  on t h e  l i f t  of  t h e  
model i s  shown i n  f i g u r e s  40 t o  42 f o r  ' t h r e e  of  t h e  na- 
c e l l e  i n s t a l l a t i o n s ,  R e s u l t s  a r e  g iven  f o r  t h e  c o n d i t i o n s  
of f l a p  n e u t r a l  and f l a p  d e f l e c t e d  60°. 
For  t h e  model wi th  f l a p s  n e u t r a l ,  t h e  e f f e c t  of  t h e  
p r o p e l l e r  o p e r a t i o n  i n  e a c h  c a s e  i s  t o  i n c r e a s e  s l i g h t l y  
t h e  s l o p e  of  t h e  l i f t  curve  and t o  i n c r e a s e  g r e a t l y  t h e  
maximum l i f t  c o e f f i c i e n t .  With t h e  f l a p s  d e f l e c t e d ,  t h e  
s l o p e  of  t h e  l i f t  curve  a n d  t h e  maximum l i f t  c o e f f i c i e n t  
a r e  n o t  s o  g r e a t l y  i n c r e a s e d  by the p r o p e l l e r  o p e r a t i o n .  
w i t h  i n c r e a s i n g  v a l u e s  of  T C o t ,  t h e  maximum l i f t  w i t h  
f l a p s  up approaches  t h a t  f o r  t h e  flaps-down c o n d i t i o n ,  
The l a r ~ e  i n c r e a s e  i n  t h e  maximum l i f t  c o e f f i c i e n t  b e t k e e n  
t h e  p r o p e l l e r - o f f  c o n d i t i o n  and  t h e  power-on c o n d i t i o n  
w i t h  Tcof  = 0.1 ( f i g .  40) i s  due t o  the e f f e c t  of the 
s l i p s t r e a m  i n  d e c r e a s i n g  t h e  wing-nacel le  i n t e r f e r e n c b *  
The maximum l i f t  c o e f f i c i e n t s  de te rmined  w i t h  freewheeling 
p r o p e l l e r s  were abou t  t h e  'same as t h o s e  f o r  t h e  p r o p e l l e r -  
o f f  c o n d i t i o n ,  
The l a r g e  i n c r e a s e  i n  maximum l i f t  due t o  t h e  p r o p e l -  
l e r  o p e r a t i o n  w i t h  t h e  small p r o p e l l e r s  and  n a c e l l e s  ( f i g .  
4 2 )  i s  s t r i k i n g ,  The low t e s t  v a l u e s  of  Tco 1 f o r  t h i s  
c a s e  a r e  due t o  t h e  lower power i n p u t  r e q u i r e d  by t h e  
smal l -d iameter  p r o p e l l e r s ;  i t  shou ld  be p o i n t e d  o u t  t h a t  
t h e  s l i p s t r e a m  v e l o c i t y  f o r  T C o t  = 0.1, w i t h  t h e  small 
24-inch p r o p e l l e r s ,  i s  a c t u a l l y  similar t o  t h a t  f o r  
"0 = 0.3 i n  t h e  c a s e  of t h e  3 9 - i n c h . p r o p e l l e r s .  The 
wing a r e a  immersed i n  t h e  s l i p s t r e a m  o f  t h e  small p r o p e l -  
l e r s  i s  o n l y  a b o u t  0,6 as much as f o r  t h e  l a r g e  p r o p e l l e r 3  
and a cor respond ing  d e c r e a s e  i n  s l i p s t r e a m  e f f e c t  would 
n o r m a l l y  be expec ted ,  T h i s  s u b j e c t  shou ld  r e c e i v e  f u r t h e r  
s t u d y ,  
The e f f e c t s  of t h e  p r o p e l l e r  o p e r a t i o n  on t h e  p i t c h i n g -  
moment c o e f f i c i e n t ,  f o r  t h e  v a r i o u s  t h r u s t  c o e f f i c i e n t s  and  
n a c e l l e  i n s t a l l a t i o n s ,  a r e  shown i n  f i g u r e s  43 t o  45. 
With t h e  f l a p  n e u t r a l ,  t h e  p r i n c i p a l  e f f e c t  o f  t h e  p r o p e l -  
l e r  o p e r a t i o n  i s  t o  change t h e  e l e v a t o r  a n g l e  r e q u i r e d  f o r  
ba lance .  The pitching-moment c u r v e s  a r e  of similar shape 
and,  excep t  i n  t h e  n e g a t i v e  a n g l e - o f - a t t a c k  range ,  t h e  
c u r v e s  a r e  similar t o  t h e  o n e s  t h a t  might be o b t a i n e d  by a 
s h i f t  of t h e  t a i l  a n g l e ,  With t h e  f l a p s  d e f l e c t e d ,  t h e  
s l o p e  of t h e  p i t  ching-moment curve  i s  g r e a t l y  d e c r e a s e d  
w i t h  i n c r e a s i n g  t h r u s t  so t h a t ,  f0.r extreme c o n d i t i o n s  
( f i g .  43 a t  T c o t  = 0.3), i n s t a b i l i t y  i s  i n d i c a t e d  o v e r  a 
c o n s i d e r a b l e  range  of a n g l e s  of a t t a c k ,  The p i t c h i n g -  
moment c u r v e s  f o r  t h e  20-inch a n d  10,4-inch n a c e l l e  i n s t a l -  
l a t i o n s ,  a l t h o u g h  similar i n  shape a n d  g e n e r a l  c h a r a c t e r -  
i s t i c s ,  a r e  somewhat d i f f e r e n t  i n  numer ica l  v a l u e s ,  The 
small n a c e l l e  i n s t a l l a t i o n ,  which w a s  t e s t e d  w i t h  t h e  24- 
inch-diameter  p r o p e l l e r s ,  shows s m a l l e r  e f f e c t s  o f  t h e  
power on t h e  moment a l t h o u g h ,  i n  g e n e r a l ,  t h e  e f f e c t s  a r e  
similar t o  t h o s e  f o r  t h e  l a r g e  n a c e l l e .  
GONGLUS IONS 
1. The o v e r - a l l  e f f i c i e n c y  of ~ r o p u l s i o n  of t h e  4- 
e n g i n e  model a t  c o n d i t i o n s  of high-speed f l i g h t  d e c r e a s e d  
l i n e a r l y  from abou t  77 t o  67 p e r c e n t  as  t h e  n a c e l l e  diam- 
e t e r  was i n c r e a s e d  from 0'.5 t o  1'.5 t i m e s  t h e  wing t h i c k -  
n e s s ,  
2, N a c e l l e  i n s t a l l a t i o n s  w i t h  t h e  p r o p e l l e r  l o c a t e d  
0',25c shead of the leading edge were superior to those hav- 
iqg the propeller at the 0.40~ location in the range of 
ratios of nacelle diameter to wing thickness from about 
0.5 to 1, For a value of the ratio.of nacelle diameter to 
wing thickness of 1.5, the 0-.25c and the 0,40c propeller 
locations were of about equal merit, The propulsive effi- 
ciencies for small nacelle-propeller installations close 
"+ to the leading edge of a wing were lower than for the 
0.25~ location, 
3, The propulsive efficiency of the 39-inch-diameter 
propeller was about the same for tests made with the 10.4- 
inch and the 20-inch nacelles. 
4, The values of propulsive efficiency determined. 
\?it-h or without air flow through the coaling wsro in sub- 
stantial agreement. 
6. The maximum lift-drag ratio of the model mas sub- 
stantially reduced by nacelles even of very small ratios 
of nacelle diameter to win5 thickness. 
6'. The nacelle installations contributed destabilizd 
ing moments to the airglane that must be considered in the 
tat1 design. 
'7, Tho nower-off maximum lift coefficient of the air- 
>lane was decreased.about 9 percent for the nacelle instal- 
lation having a value of the ratio of nacelle diameter to 
wing thickness of 1.5 and was slightly increased by small 
nacelles. 
Lan$ley Memorial Aeronautical Laboratory, 
National Advisory Committee for Aeronautics, 
Langley Field, Va., May 1'7, 1939. 
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FIGURE LEGENDS 
( a )  The 7-inch n a c e l l e s ;  D N / % ~  = 0.53 
(b) The 10.4-inch n a c e l l e s :  D N / ~ ,  ='0..78. 
( c )  The 20-inch n a c e l l e s ;  ~ ~ / t ,  = 1.5. 
F igu re  1.- Diagram of model showing arrangements of t h e  
nace l Je s .  
F igu re  2,- I n s t a l l a t i o n  of model wi thout  n a c e l l e s  i n  t h e  
NaA.C.A. f u l l - s c a l e  wind tunnel .  
F igu re  3,- I n s t a l l a t i o n  of model w i t h  ?-inch nace ' l l e s  and 
0 . 1 3 ~  p r o p e l l e r  l o c a t i o n  i n  t h e  N ' e A e C e A a  f u l l - s c a l e  
mind,  tunnel .  
F igu re  4,- I n s t a l l a t i o n  of model wi th  10,4-inch n a c e l l e s  
and  0 . 4 0 ~  p r o p e l l e r  l o c a t i o n  i n  t h e  MaA,C.A* f u l l -  
s c a l e . w i n d  tunnel .  
L . .  
Figu re  5.- I n s t a l l a t i o n  of model wi th  20-inch n a c b l l e s  and 
0 . 2 5 ~  p r o p e l l e r  l o c a t i o n  i n  t h e  M.A.C.A. f u l l - s c a l e  
wind tunne l ,  
p igu re  6.- Blade dimensions f o r  3-blade model p r o p e l l e r s .  
A l l  l i n e a r  dimensions g iven  i n  inches .  
F i g u r e  7,- Dimensions o f  cowling and cowling arrangement.  
F igu re  8*-  Aerodynamic c h a r a c t e r i s t i c s  of model wi thout  
n a c e l l e s .  
F igu re  9,- Aerodynamic c h a r a c t e r i s t i c s  of model wfth 20- 
i nch  n a c e l l e s  an& 0 . 4 0 ~  p rope l4e r  l o c a t i o n .  , 
Figure  10.- Aerodynamic c h a r a c t e r i s t i c s  of model mith  20- 
i n c h  n a c e l l e s  and 0 . 2 5 ~  p r o p e l l e r  l o c a t i o n ,  
F igu re  11.- Aerodynamic c h a r a c t e r i s t i c s  of model mi th  10.4- 
i n c h  naceJ les  and 0 . 4 0 ~  p r o p e l l e r  l oca t ion .  
F i ~ u r e  12.- Ae'rodynamic c h a r a c t e r i s t i c s  of model w i th  10.4- 
i n c h  n a c e l l e s  and 0 . 2 5 ~  p r o p e l l e r  l oca t ion .  . 
Figure  13,- Aerodynamic c h a r a c t e r i s t i c s  of model 
i n c h  nace&les  and 0 . 4 0 ~  p r o p e l l e r  l o o a t i  on. 
F igure  14.- ~ e r o d ~ n a m i c  c h a r a c t m i  st  i c s  of model 
i n c h  n a c e l l e s  and 0,25c p r o p e l l e r  l o c a t i o n .  
F iqure  15,- Aerodynamic cha rac t  w r i s t  i c s  of  mode: 
i n c h  n a c e l l e s  and 0 . 1 3 ~  p r o p e l l e r  l o c a t i o n .  
(a) A i r  f lowing through cowling. 
(b) Cowling closed.  
F igu re  16,- Sca l e  e f f e c t  on draq  c o e f f i c i e n t  at 
wi th  7- 
m i t h  7- 
Figure  17.- S c a 1 o . e f f a c t  on t h e  model wi thout  n a c e l l e s  f o r  
t h e  range of l i f t  c o e f f i c i e n t s .  
( a )  A i r  f lowing through cowling. 
(3) ComlSng c losed ,  
F igu re  18.- Drag increments  due t o  n a c e l l e s  f o r  v a r i o u s  
s i z e  n a c e l l e s  and l i f t  c o e f f i c i e n t s .  
(a) A i r  f lowing through cowling. 
(b )  Cowling c losed,  
F igu re  19.m Nace l le  drag c o e f f i c i e n t  f o r  var ious  s i z e  na- 
c e l l e s  .and l i f t  c o e f f i c i e n t s .  
F igu re  20,- A i r  flom over  upper su r f ace  o f  wing-and n a c e l l e .  
*The 20-inch n a c e l l e ;  0 . 2 5 ~  p r o p e l l e r  l o c a t i o n ;  a, 12'. 
. 
Figure  21.- Var ia t ion  of t h e  maximum l i f t - d r a g  r a t i o  of t h e  
model f o r  v a r i o u s  n a c e l l e  s iz6s .  
F igure  22.- Variation: of t h e  s lope  of t h e  pitchink-moment 
curve  of t h e  model. f o r . v a r i o u s  n a c e l l e  si,zes. 
F igu re  23,- Va r i a t i on  of p ropu l s ive  e f f  i c i e n c y P n i t h  blade 
angle .  The 20-inch n a c e l l e s ;  0,40c p r o p e l l e r ~ l o c a t i o n :  
CL, 0,25;-  a i r  f lowing through cowling* 
Figure  24,- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  with  blade 
ang le ,  The 20-inch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  l o c a t i o n ;  
CL, 0.25; a i r  f lowing through comling, 
F igu re  25,- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  wi th  blade 
angle .  The 10.4-inch n a c e l l e s ;  0,40c p r o p e l l e r  l o c a t i o n ;  
GLy 0.25; a i r  f lowing through cowling. 
F igure  26.- v a r i a t i o n  o f  p ropu l s ive  e f f i c i e n c y  with.  b lade  
angle .  The 10.4-inch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  l o c a t i o n ;  
CL, 0.25; a i r  f lowing through cowling. 
F igure  27.- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  wi th  b lade  
ang le ,  The ?-inch n a c e l l e s ;  0 . 4 0 ~  p r o p e l l e r  l o c a t i o n ;  
GL, 0.25;. comling closed.  
F igu re  28.- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  wi th  b lade  
angle .  The 7-inch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  l o c a t i o n ;  
CL, 0.25; comlfng c losed,  
F igu re  29,- Va r i a t i on  of p ropu l s ive  e f f i c i o n c y  mith  b lade  
, ang le ,  The ?-inch n a c e l l e s ;  0 . 1 3 ~  p r o p e l l e r  l o c a t i o n ;  
CL, 0.25; comling closod. 
F igu re  30.- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  w i t h  b lade  
a n g l e ,  The 20-inch n a c e l l e s ;  0 . 4 0 ~  p r o p e l l e r  l o c & t i o n ;  
CL, 0.25; cowling closed. 
F igu re  31.- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  wi th  b lade  
angle.  The 20winch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  l o c a t i o n :  
CL, 0.25; cowling c losed ,  
F igu re  32,- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  mith b lade  
angle .  The 10.4-inch n a c e l l e s ;  0,40c p r o p e l l e r  l o c a t i o n ;  
CL, 0.25; cowling closgd. 
F igure  33,- v a r i a t i o n  of  p ropu l s ive  e f f i c i e n c y  wi th  b lade  
angle .  The 30.4-inch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  locatioE: 
CL, 0125; cowl ins  closod. 
F igu re  34.- V a r i a t i o n  of p ropu l s ive  e f f i c i e n c y  n i t h  l i f t  
c o e f f i c i e n t ,  The 20-inch n a c e l l e s ;  0.400 p r o p e l l e r  loca- 
t i o n ;  8, 23*O; a i r  f lowing through cowling. 
F igure  35.- Va r i a t i on  of p ropu l s ive  e f f i c i o n c y  wi$h l i f t  
coef f  i c i o n t .  The 20-inch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  l o -  
c a t i o n ;  @, 23$j0; a i r  f lowing through comling, 
F iqu re  36.- Var ia t ion  of p r o p u l s i v e  e f f i c i o n c y  mith  l i f t  
c o e f f i c i e n t .  The 10.4-inch n a c e l l e s ;  0 . 4 0 ~  p r o p e l l e r  10-  
c a t i o n ;  @ ,  23i0 ;  a i r  f lowing through conling.  
Figure  37,- Va r i a t i on  of p ropu l s ive  e f f i c i e n c y  mlth  l i f t  
c o e f f i c i e n t ,  The 10,4-inch n a c e l l e s ;  0 . 2 5 ~  p r q p e l l e r  
l o c a t i o n ;  j3, 233'; a i r  f lowing through cowling. 
F igure  38.- Va r i a t i on  of maximum ove r -a l l  e f f i c i e n c y  wi th  
n a c e l l e  s i z e .  The 0 . 2 5 ~  p r o p e l l e r  l o q a t i o n ;  QJ,, 0.25: 
8,  approximately  30'; a i r  f lowing through c o \ q l i ~ g *  
F igure  39.- v a r i a t i o n  of,maximum over -a l l  e f f i c i e n c y  wi th  
1% f t  c o e f f i c i e n t ,  :Various n a c e l l e  arrangements;  $, 
23*O, b . 
Fiqure  40.- E f f e c t  of p r o p e l l e r  ope ra t ion  on l i f t  coe f f i -  
c i e n t  of t h e  model f o r  va r ious  index t h r u s t  c o e f f i c i e n t s .  
The 20-inch n a c e l l e s ;  0 . 4 0 ~  p r o p e l l e r  l oca t ion .  
F igu re  41.- E f f e c t  of p r o p e l l e r  ope ra t ion  on l i f B  c o e f f i -  
c i e n t  of t h e  model f o r  va r ious  index t h r u s t  c o e f f f c i e n t s .  
The 10.4-inch n a c e l l e s ;  0 . 2 5 ~  p r o p e l l e r  l oca t ion .  
F igure  42.- E f f e c t  of p r o p e l l e r  ope ra t ion  on l i f $ . c o e f f i -  
c i e n t  of t h e  model f o r  v a r i o u s  index t h r u s ~  coefficients. 
The 7-inch n a c e l l e s ;  0 .13c .p rope l l e r  l oca t ion . .  
F igu re  43,- Va r i a t i on  of pitching-moment c o e f f i c i e n t  of t h e  
model wi th  index thr lss t  c o e f f i c i e n t .  T b  20-inch na- 
c e l l e s ;  0 . 4 0 ~  p r o p e l l e r  l oca t ion .  
F igu re  44.- V a r i a t i o n  of pitching-mgment c o e f f i c i e n t  of t h e  
model wi th  index'tfnrust cae f f  i c i e n t .  Tho 10.4-inch na- 
c e l l e s :  0 . 2 5 ~  p r o p e l l e r  l o c a t i o n .  
F igu re  45,- Var i a t i on  of pitching-mgment c o e f f i c i e n t  of t he  
model wi th  indox t h r u s t  c o e f f i c i e n t .  ,The 7-inch na- 
c e l l e s ;  0,13c p r o p e l l e r  l o c a t i o n ,  . . 
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